To investigate the aerodynamic complexities involved in the combination of freestream and propeller's suction flow field of ducted coaxial rotors system in forward flight, an orthogonal 16 (4 3 ) test design has been applied to optimize the design parameters including forward speed, pitch angle, and axial spacing between rotors. Multiblock grids and Multiple Frame of Reference (MFR) method are adopted for calculating aerodynamic performance of the system, hover characteristic was compared with experimental data obtained from the test stand, and the thrust performance is well predicted for various rotor spacing and a range of rpm. This solution approach is developed for the analytical prediction of forward flight and the simulation results indicated that the design parameters influenced lift, drag, and torque reduced in the order: wind speed > rotor spacing > pitch angle, wind speed > pitch angle, and rotor spacing > wind speed > pitch angle, respectively. The optimal rotor spacing and pitch angle were determined to maximize the aerodynamic performance considering high lift, low drag, and trimmed torque.
Introduction
The small unmanned aerial vehicles (SUAVs) with ducted rotor configuration offer a number of significant advantages over other vertical take-off and landing (VTOL) flight vehicles [1] . In recent decades, they generated considerable interests in both military and civilian applications. Practical uses for these flight vehicles have extended to aerial mapping, disaster surveillance, and military reconnaissance [2] . Security is notably improved through shrouding an isolated rotor within a duct, which decreases the possibility of rotors striking person or objects.
The efficiency of aerodynamic configuration is critical for the performance of VTOL vehicles [3] . It has been observed that the hovering rotor system produces more aerodynamic efficiency with duct, which generates higher total thrust due to low pressure region on the duct lip and intensifies inflow distribution by accelerating flow towards the outboard sections of interior rotors [4, 5] . Since coaxial counterrotating rotors produce the net thrust instead of an isolated rotor design in conventional way, the diameter of the rotors can be decreased to take the same amount of weight [6, 7] . Compared to single rotor system, the torque generated by coaxial rotor can be opposed by the counterrotating rotor; therefore, no flow deflector or rudder reflection is required.
Unlike the fixed-wing aircraft vehicles or conventional rotational wing vehicles, on the ducted contrarotating rotors, the wake of each rotor is significantly interacted with one another and the tip-vortex is highly influenced by the shrouded duct structure [8] [9] [10] . Additionally, for a fixed pitch angle system the various flight velocities produce axial flow through the rotors that increase the angle of attack (AOA) of blade section in the forward flight.
Computational fluid dynamics (CFD) is adopted to analyze complex viscous flow in a wide range of flight conditions. Genç [11] verified the --transition model which predicted more accurate laminar separation and reattachment of thin airfoil by comparison with -SST transition model, -SST turbulence model, and -turbulence model. Then, Genç et al. [12] [13] [14] numerically simulated the elimination of separation bubble in the application of transition models by fluent. Lakshminarayan and Baeder [15] used compressible 2 Shock and Vibration RANS solver with sliding mesh interpolation scheme to predict instantaneous thrust and power influenced by the interaction between coaxial rotors. Singh et al. [16] used lowand high-fidelity with loose coupling method to computational simulated steady and unsteady performance of elastic coaxial rotor with vibratory hubloads.
Experiment techniques for aircraft vehicles have also developed significantly over time. Schmaus and Chopra [17] evaluated the vibratory loads of rigid coaxial rotor for testing in the wind tunnel and explored the influence of rotor phase on vibratory hubloads. Genç et al. [18] performed an experimental study on the pressure distribution and aerodynamic forces of NACA2415 aerofoil at low Reynolds carried out in the suction-type wind tunnel.
Many experimental and numerical efforts had been done to investigate the forward flight performance [19] [20] [21] [22] [23] . However, most previous studies were concentrated on optimizing the shape of duct or measuring the aerodynamic step-by-step. Rarely has research been proposed to maximize the fundamental aerodynamic performance issues, which are associated with the determination of the rotor spacing between upper and lower rotors, taking into account both attitude and speed of the ducted coaxial rotors configuration.
In this work, the identical three-dimensional ducted propeller configuration has been established to validate the efficiency of numerical scheme in achieving high-fidelity predictions of hybrid flow field and compared with the experiments measured by the hovering aerodynamic performance test stand of our laboratory. The aim of the hover performance investigation is to apply this analytical approach to forward flight. Besides, this solving method aims to form the fundamental exploring correlation between vibratory loads and blade loads, thereby aiding in a better selection of blade structural properties in manufacturing. Orthogonal test design is designed to analyze the dominant factor to each aerodynamics. Subsequently, the variation trends of aerodynamic performance are characterized with three leading influence factors including pitch angle, freestream velocity, and rotor spacing. The optimized rotor spacing and flight pitch angle are determined from a wide range of factors to maximize forward flight performance of our system.
Orthogonal Test Design
According to experimental purpose, three influence factors, given by incident angle to the freestream in forward flight ( / ∘ ), flight speed (V/m⋅s −1 ) and rotor spacing (H/mm) are chosen and the level of factors have been decided. Variation tendency of aerodynamic performance with proposed four factor levels for each influenced factor can be compared accurately and optimum parameter combination can be designed with three factors taken into consideration. Corresponding to the four levels of pitch angles listed in Table 1 , wind speed is given by 5 m/s, 10 m/s, 15 m/s, and 20 m/s and rotor spacing represents the distance between top and bottom rotor ranging from 38 mm to 76 mm. Figure 1 (a) shows the longitudinal forces acting on the calculation configuration in forward flight; then lift and drag can be calculated as follows:
where and refer to thrust and tangential force, which can be predicted by numerical approach. Orthogonal array 16 ( 4 3 ) is adopted to optimize the prescription of forward flight ducted coaxial rotors [24] . Table 2 summarizes the numerical calculation scheme. 
Numerical Simulation

Solving Method.
The flow field is divided into multisubdomains to solve the complexity of suction flow and frontflow in forward flight. Interface boundary condition has been established between subdomains to keep flux conservation coupled with unstructured overset mesh. Figure 2 shows the computational rotor. Spatial discretization of inviscid terms is computing using Roe's flux difference splitting format, and second-order central differencing is employed to compute viscous terms. Time integration is discrete using second-order implicit difference scheme. Spalart-Allmaras turbulence model is employed to account for the turbulence in the vortex core attributed to the rotating effect. Multiple frames of reference (MFR) have been used to analyze the situation involving domains that are rotating relative to stationary domains that allow for the adequate predictions of complex flows dominated by transient interactions of the relative movement between rotating and stationary domains.
Moving coordinate system rotates at the angular velocity → relatively to the stationary coordinate system, the unit vector → represents rotating axis as seen in Figure 3 . The origin of rotation coordinate system is defined by the vector → 0 associated with stationary system. Thus → can be described as
Any certain point in the computational domain of rotation system is determined by position vector → and the origin point. The transformation of velocity from static system to rotated system can be realized as follows:
In (3), → V and → V represent the relative velocity and the absolute velocity, respectively. → = → × → is the converted acceleration. Additional terms in momentum equation lead to the increase of fluid acceleration, derived from the multiple motion individual problems. As a consequence, governing equations can be expressed in two ways. The momentum equation, which is produced on the basis of relative and absolute velocity separately, forms the foundation of fluid governing equations. The governing equations of fluid mechanics in terms of relative velocity can be written as follows:
Continuity Equation
Momentum Equation
In (5), Coriolis acceleration term 2 → × → V and centripetal acceleration term → × → × → are two additional kinds of acceleration.
Energy Equation
where represents the viscous stress term in the form of relative velocity derivation. In (6), = ℎ− / +(1/2)(V 2 − 2 ) is defined to be the relative intrinsic energy and = + / is relative total enthalpy.
Shock and Vibration
The controlling equations with respect to absolute velocity format in rotation coordinate system can be reevaluated as (7) .
The Coriolis acceleration and centripetal acceleration are attributed to the individual → × → V term.
Boundary Conditions and Mesh Generation.
A cylindrical flow field has been established to surround the ducted rotors; velocity inlet and pressure outlet boundary conditions were specified on the far-field planes, as shown in Figure 4 . The diameter and height of the column are 4D and 7D, where D represents the duct outer diameter and the calculation model is placed at 4D from inflow boundary. The coaxial rotor is based on the NACA airfoil and it is paired with duct based on the NACA 0012 airfoil. Shrouding the double rotors configurations within the duct can be seen in Figure 5 . Unstructured overset grids have been used to allow for grid densification at the blade tip clearance in achieving high-fidelity simulation of leakage vortex. Nodes were also clustered at the duct lip and near the diffusional section of duct.
In this current study, 2.5, 3.5, 4.5, and 5.5 million numbers of grid nodes have been used to discuss the independence of computing grid, which maintain a marginal variation in solutions at a stage of grid quantity [12] . Hovering thrust as well as the trimmed torque of two counterrotating rotors for entire system is obtained by MFR model for all the grid sizes in Table 3 and compares with the experimental data. Typical convergence trend of torque is readily discovered; the number of grid has been increased by 1 million as the torque reduces to within 1% with 5.5 million grids, when the variation of thrust is less than 2% approximately. The size of grid is determined after grid independence test and the computing results are in accord with experiments well. Spatial slice mesh of interior rotational domains and exterior stationary domains around coaxial rotors are shown in Figure 6 with adequate mesh accuracy and resolution.
Experimental Investigation for Hover Aerodynamic Performance
The hover efficiency affected by RPM and rotor spacing are critical for the implement of duct coaxial rotor UAV [25, 26] . In this section, a hover test stands for ducted coaxial rotor model which was established in order to experimentally measure the performance in hover, as shown in Figure 7 . The identical 3-D geometries were tested to assess the effect of multiblock generation and MFR solve method by comparing it with the experimental results. The accuracy and efficiency of current numerical simulation indicated that the application of our method is capable of continuing to be utilized for forward aerodynamic computation in the next section. The rotor and motor systems were mounted inversely on hinges. Two physical quantities can be simultaneously measured by designed test stand. (1) Thrust: thrust was measured by the weighing sensor, which was placed between the inner frame structure and external frame structure. (2) Rotational speed: considering the free rotation and independent transmission, the rotational speed of each rotor was separately determined through an approach switch that was sensed by metal objects in the range of 5 mm.
Simulation of total thrust produced by the entire ducted coaxial rotor system is validated by the experimental data in Figure 8 . A wide range of rpm varying from 1000 to 7000 were conducted to maximize the aerodynamic capability of testing model. The calculated thrusts agreed well with the measurement data at low speed, whereas at higher speed the analytical result is slightly underpredicted for the given thrust level and the disparities increased as the rotational speed raised. The computation assigning identical rotational speed for the top and bottom rotors that generated thrusts in the same trends with variation of rpm, while the upper rotor is more efficiency than lower one, which is affected by the contracted slipstream of upper one. The thrust of duct structure is seen to remain fairly equal to the lower rotor. Figure 9 shows the total thrust of the entire system obtained from the test stand experiment for a range of distance between rotors varying from 3000 to 7000. The rotor spacing is given by / = 0.25, 0.35, 0.45, 0.55, and 0.65. In hover performance, the effect of rotor spacing is not significant for the thrust, which approaches a constant value ranged from 0.25 to 0.4, while the thrust abruptly decreased at 0.45.
Results and Discussion
Since a variety of physical parameters influence the forward performance, the optimization of the structure form of essential aerodynamic component and the aerodynamic characteristic is a critical step in the development of a SUAV. The angle of attack of duct, freestream velocity, and rotor spacing of the coaxial rotors are generally considered to be the most crucial factors. The procedure traditionally used for optimization the structural configuration of ducted coaxial rotors can be implemented by experimental investigation or carried out step-by-step. In the current research, all selected factors were tested using an orthogonal 16 (4 3 ) test design. Results of each scheme are summarized in Table 4 ; the calculation scheme A1B4C4 provided the maximum lift (49.82 N). The minimum drag of total system and the minimum torque value trimmed of counterrotating coaxial rotor were 0.4707 N (A2B1C2) and 0.0178 N⋅m (A4B2C1), respectively. By now, we cannot determine the best combination of levels depending on these consequences simply.
Furthermore, an orthogonal analysis has been exhibited in terms of the test results of aerodynamics in Table 4 . The statistical model including the sum of aerodynamic force , mean value , and range value was computed to analysis 16 (4 3 ) calculation results in Table 5 . According to the range value of factors, the influence to the lift, drag, and torque reduced in the order B > C > A, B > A > C, and C > B > A, respectively. Wind speed of freestream was demonstrated to be the most significant determination of lift and drag and the value of trimmed torque is most decided by the spacing of rotors. Table 5 versus four factor levels. Lift and torque show the same trends with rotor spacing, which almost have no effect on drag force. Wide rotor spacing is one of the main contributors to lift force that is capable of decreasing the interference between upper and lower rotors. In order to optimize lift of system, 76 mm should be adopted for the spacing of coaxial rotor. Thrust remains fairly constant value with rotor spacing in hover. While in forward flight, the thrust sharply increases with rotor spacing due to flow asymmetry in freestream.
Air volume intake into duct system correspondingly increases with freestream velocity as per unit time. Differential pressure between the upper and lower area of propeller is enlarged attribute to the more remarkable suction flow. As a consequence, wind speed is found to be the most determinant factor of lift in Figure 10(a) . Meanwhile, drag is highly magnifying due to inhibition effect of duct as the flight speed increasing, which can be seen in Figure 10 (b). To reduce the drag of forward flight, a small amount of wind speed is the most significant effect factor.
Pitch angle of ducted coaxial rotor has no significant influence on the aerodynamic force. In the meantime, angle of attack marginally affects drag force that the increase of deflection away from edgewise forward direction (pitch angle at 90 ∘ ) would lead to small amount of drag reduction. That is because, at lower pitch angle, a slight decrease of negative pressure zone occurs near internal lip of duct at wind side and the drag reduces with the pressure differential between external and internal side. Furthermore, at upwind side, the lessening of high pressure zone near internal lip at upwind side also contributes to the drag reduction. In forward flight, for fixed rpm assuming in this calculations, 70 ∘ is more suitable for the ducted coaxial rotor system to achieve minimum power consumption on drag that contributes to better aerodynamic performance.
Conclusions
For the rotary-wing aircraft vehicles, various structure parameters and flight conditions affect the inflow distribution, making it very challenging to draw a general conclusion about how to practically analyze the aerodynamic characteristic and obtain the optimum performance.
A representative ducted coaxial rotor configuration proposed in this work is motivated by the development of a VTOL aircraft. In this present study MFR model is adopted to predict the complex viscous flow of multirotors, which transform the time-dependent formulation into steady state approximation. The predictive capability of the new configuration as well as the SUAV is very high and validated by the experimental results.
In forward flight, pitch angle, freestream velocity, and rotor spacing between the counterrotating rotors are proved to be three dominant influence factors of aerodynamic performance in previous efforts. Three factors should be taken into consideration in order to optimize lift, drag, and torque of the system. The orthogonal 16 (4 3 ) test design was applied to select the optimum structure and forward flight parameters. Mean values of lift, drag, and torque with four levels of pitch angle, freestream speed, and rotor spacing have been compared and variation trend of the three influence factors has been depicted. Optimal rotor spacing and appropriate forward flight AOA have been decided. The flight speed should be determined by a compromise of high lift and low drag. This study provides an efficiency approach to simulate the mixed flow field of multirotating domains and static domain, which gives out significant reference in engineering application.
